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Abstract Various anthropological analyses have documented exten-
sive regional variation among populations on the subcontinent of India 
using morphological, protein, blood group, and nuclear DNA polymor-
phisms. These patterns are the product of complex population structure 
(genetic drift, gene flow) and a population history noted for numerous 
branching events. As a result, the interpretation of relationships among 
caste populations of South India and between Indians and continental 
populations remains controversial. The Hindu caste system is a general 
model of genetic differentiation among endogamous populations strati-
fied by social forces (e.g., religion and occupation). The mitochondrial 
DNA (mtDNA) molecule has unique properties that facilitate the explo-
ration of population structure. We analyzed 36 Hindu men born in An-
dhra Pradesh who were unrelated matrilineally through at least 3 gener-
ations and who represent 4 caste populations: Brahmin (9), Yadava (10), 
Kapu (7), and Relli (10). Individuals from Africa (36), Asia (36), and 
Europe (36) were sampled for comparison. A 200-base-pair segment of 
hypervariable segment 2 (HVS2) of the mtDNA control region was se-
quenced in all individuals. In the Indian castes 25 distinct haplotypes are 
identified. Aside from the Cambridge reference sequence, only two hap-
lotypes are shared between caste populations. Middle castes form a 
highly supported cluster in a neighbor-joining network. Mean nucleotide 
diversity within each caste is 0.015,0.012, 0.011, and 0.012 for the Brah-
min, Yadava, Kapu, and Relli, respectively. mtDNA variation is highly 
structured between castes ( G S T = 0.17; p < 0.002). The effects of social 
structure on mtDNA variation are much greater than those on variation 
measured by traditional markers. Explanations for this discordance in-
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elude (1) the higher resolving power of mtDNA, (2) sex-dependent gene 
flow, (3) differences in male and female effective population sizes, and 
(4) elements of the kinship structure. Thirty distinct haplotypes are found 
in Africans, 17 in Asians, and 13 in Europeans. Mean nucleotide diversity 
is 0.019,0.014, 0.009, and 0.007 for Africans, Indians, Asians, and Eur-
opeans, respectively. These populations are highly structured geograph-
ically (Gst = 0.15; p < 0.001). The caste populations of Andhra Pradesh 
cluster more often with Africans than with Asians or Europeans. This is 
suggestive of admixture with African populations. 
South Asian evolutionary history is notable for successive migrations of many 
different peoples from Central and East Asia, Africa, and Europe into the 
Indian subcontinent (Majumdar 1958). Among these groups the rate of gene 
flow, level of admixture, effective population size, founder events, and fre-
quency of fission varied extensively (Malhotra and Vasulu 1993; Cavalli-
Sforza et al. 1994). As a result, contemporary India—with more than 850 
million inhabitants (1991 census)—is an agglomeration of thousands of di-
verse ethnic groups with different religions, languages, social structures, kin-
ship systems, economic structures, and settlement patterns. Attempts to order 
this variation led to the construction of numerous systems of population clas-
sification based on social, linguistic, religious, morphological, and genetic 
characteristics (Malhotra 1978; Majumder et al. 1990). To this end, Indians 
have been the focus of numerous anthropological studies using morphomet-
ries (Majumder et al. 1990; Sirajuddin et al. 1994), dermatoglyphics (Singh 
1978; Malhotra et al. 1980), protein polymorphisms (Roychoudhury 1974; 
Balakrishnan 1978, 1982; Char and Rao 1986; Char et al. 1989), mitochon-
drial DNA (mtDNA) (Semino et al. 1991; Soodyall and Jenkins 1992; Moun-
tain et al. 1995), and nuclear DNA polymorphisms (Labie et al. 1989; Murthy 
et al. 1993). 
The broadest division of Indians distinguishes tribal from nontribal 
groups. Although the definition of tribe appears to be somewhat arbitrary, it 
often refers to populations considered aboriginal, inhabiting the Indian pen-
insula before the immigration of pastoral nomads from western and Central 
Asia. These aboriginal populations represent the descendants of Paleolithic 
population expansions into South Asia. The source of these expansions is 
disputed, although it has been argued that they were of African (Maloney 
1974; Chandler 1988) or Australoid origin (Cavalli-Sforza et al. 1994). The 
size of different tribal groups varies from a few hundred (e.g., the Andaman-
ese) to a few million individuals (e.g., the Gonds), with 400 contemporary 
tribes (Majumder and Mukherjee 1993) constituting 7.5% of the total Indian 
population (Sirajuddin et al. 1994). 
Most Indians are Hindu (82%), and they constitute the largest nontribal 
population in India. The most salient feature of Hindu social organization is 
its former division into approximately 2000 castes (Karve 1968) (the caste 
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system has been formally abolished by the Indian government). The term 
caste was introduced by the Portuguese in the sixteenth century and is some-
what ambiguous. It is largely defined by two elements: (1) jathis, the endog-
amous community defined by hierarchical, occupational, and geographic lim-
its, and (2) varna, broader categories of contemporary castes. The caste 
structure was introduced into India by immigrating Central Asian populations 
approximately 300(MK)00 years before present and is marked archeologically 
by the appearance of Painted Grey Ware (Thapar 1980). These immigrants 
also introduced iron, the domestic horse, the Indo-Aryan languages, the pat-
rilineal kinship system, and a mixed pastoral and agrarian economy. The 
manifest for the caste system is found in the hymns of the Rig Veda in which 
the extant population was partitioned into four classes or varnas: the Brahmins 
(priests), the Kshatriyas (warriors), the Vaishyas (traders), and the Sudras. It 
is thought that Central Asians admixed with the upper varnas (i.e., Brahmins, 
Kshatriyas, and Vaishyas) and that the displaced Sudras represent aboriginals 
with African, Southeast Asian, and/or Australian admixture (Majumdar 1958; 
Balakrishnan 1978). A fifth varna, the Pancham, was added to include the 
formerly untouchable castes. Each varna was identified by occupation and 
was associated with a status. Each caste was considered strictly endogamous, 
whereas lineages within a caste group were exogamous (gotra). This social 
stratification was rationalized and strengthened by ritual and religious 
philosophy. 
The internal boundaries of the caste structure were not absolutely rigid, 
and levels of endogamy varied widely (Malhotra and Vasulu 1993). Mixing 
of varnas occurred through the processes of hypergamy (an upper-caste man 
mating with a lower-caste woman) and hypogamy (a lower-caste man mating 
with a higher-caste woman). Hypergamy led to approved unions, and thus an 
upper-caste man could marry a woman from a lower caste and remain within 
his varna. Hypogamy was discouraged by forcing an upper-caste woman to 
remain in the lower varna of her husband. Thus women had more mobility 
in the caste structure than men. These mating practices generated many new 
subdivisions (e.g., subcastes) with varying amounts of social privileges (Tam-
biah 1973). Admixture was most frequent within the same caste cluster and 
least frequent between religious groups. The frequency of admixture also 
varied with differences in education and location. Rates of mixed marriages 
in multicaste villages were approximately 2/10,000 marriages, whereas in 
urban areas it was as high as 3/100 marriages. Mixing occurred predominantly 
in the middle castes, leading to the hypothesis that upper and lower castes 
were homogeneous across the subcontinent, whereas the middle castes ex-
hibited higher levels of genetic heterogeneity. Balakrishnan (1978) identified 
such a pattern of genetic variation at the ABO and Rh loci. 
The history and structure of caste and tribal populations remain active 
areas of investigation. By extrapolating from archeological, linguistic, and 
genetic data, researchers have attempted to (1) determine the ancestral con-
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tinental populations of Indian groups (Cavalli-Sforza et al. 1988; Nei and 
Roychoudhury 1993), (2) differentiate tribal populations from neighboring 
nontribal groups (Chakraborty and Yee 1973; Balakrishnan 1978; Malhotra 
1978; Mukheijee et al. 1979; Char et al. 1989; Roychoudhry 1984, 1992), (3) 
demonstrate geographic structuring of caste and tribal populations (Chakra-
borty et al. 1977; Balakrishnan 1982; Roychoudhury 1984, 1992; Sirajuddin 
et al. 1994), and (4) explore the relationships between tribal and nontribal 
groups as predicted by ethnographic records (Majumder and Mukherjee 
1993). Based on blood group loci, red cell enzymes, and serum proteins, a 
few broad generalizations have emerged: (1) Genetic variation is much larger 
within castes and tribes than between populations (Roychoudhury 1982), (2) 
substantial genetic differences are observed between caste and tribal groups, 
(3) genetic variation among tribal groups is structured geographically, (4) in 
tribal groups geographic structuring is more important than linguistic affili-
ation, (5) within certain geographic regions genetic distances are substantial 
between caste groups, (6) caste groups belonging to different varnas exhibit 
considerable genetic distances, and (7) geographically clustered castes are 
more similar regardless of social hierarchy. 
To further investigate the pattern and dynamics of genetic variation in 
the Hindu caste structure, we have examined mtDNA variation in caste pop-
ulations of Andhra Pradesh and compared them to continental populations. 
The four caste populations chosen—Brahmin, Kapu, Yadava, and Relli— 
demonstrate discrete social, economic, and occupational stratification. Brah-
mins represent the highest caste and varna. The Kapu are included in the 
upper middle castes and the Yadava in the lower middle castes. Both groups 
belong to the Sudra varna. The Relli are found in the lowest varna, the Pan-
cham. Based on historical evidence, we hypothesize that (1) the Brahmin will 
exhibit closer affinity to Europeans and the Relli will be closer to African 
and Asian populations; (2) given lower levels of endogamy, genetic variation 
will be highest in the middle level castes (Kapu and Yadava) and lowest in 
the upper (Brahmin) and lower castes (Relli); (3) substantial genetic differ-
ences will be found between castes; and (4) as a result of admixture, the 
middle castes will share more mtDNA types than the upper and lower castes. 
Certain properties of mtDNA make it an optimal marker to explore caste 
structure. The mtDNA molecule is inherited as a single locus, yet it is ex-
tremely polymorphic and therefore highly informative for discriminating be-
tween populations. The mutation rate of human mtDNA is 10 times higher 
than the mutation rate of noncoding and nondegenerate sites in human nuclear 
DNA (Brown et al. 1979, 1982; Wilson et al. 1985; Li and Sadler 1991), 
meaning that local population differentiation will be accelerated compared 
with nuclear DNA. Because mtDNA is strictly maternally inherited (Giles et 
al. 1980), the effective population size is about 25% that of the nuclear ge-
nome (Birky et al. 1983; Takahata 1991). Thus mtDNA can be more sensitive 
than nuclear DNA for detecting population structure (Stoneking et al. 1990). 
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The lack of recombination (Olivo et al. 1983; Merriwether et al. 1991) allows 
for mtDNA types to be related as matrilines. These characteristics have en-
couraged the use of mtDNA to study the origin and dispersal of contemporary 
human populations (Johnson et al. 1983; Cann et al. 1987; Vigilant et al. 
1989; Horai and Hayasaka 1990; Schurr et al. 1990; Stoneking et al. 1990; 
Di Rienzo and Wilson 1991; Ward et al. 1991; Ballinger et al. 1992; Shields 
et al. 1992; Horai et al. 1993; Lum et al. 1994; Jorde et al. 1995). Excoffier 
(1990) and Merriwether et al. (1991) suggested that mtDNA variation is not 
in mutation-drift equilibrium, but it is unclear whether this is a result of se-
lection or of rapid population expansion (Rogers and Jorde 1995). 
The 1122-bp control region of the human mitochondrial genome is di-
vided into three domains dependent on base composition and degree of con-
servation among species. Two hypervariable regions, HVS1 and HVS2, 
bracket a highly conserved 200-bp G-rich region and contain more than 90% 
of the polymorphisms reported in the mtDNA molecule (Vigilant et al. 1989). 
Sixty percent of the polymorphisms in the control region are found in HVS1 
and 40% in HVS2. As a consequence, analysis of HVS1 has been the em-
phasis of many recent investigations of human population history and struc-
ture. HVS2 is the most important functional portion of the control region, 
containing the light and heavy strand promoters and conserved sequence 
blocks 1-3 (Saccone et al. 1991). The analysis reported here is based on 
HVS2. 
Subjects, Materials, and Methods 
Populations. One hundred forty-four individuals from 4 populations dis-
tributed on the continents of Europe (36), Africa (36), and Asia (36) and the 
subcontinent of India (36) were chosen for analysis of the mtDNA control 
region. The European sample consisted of 28 individuals of mixed English 
and Northern European ancestry collected from unrelated men in Utah and 8 
men of French ancestry from CEPH (Centre d'Etude du Polymorphisme Hu-
main) kindreds. The 36 Africans included 5 Biaka Pygmies from the Central 
African Republic and 1 Mbuti Pygmy from northern Zaire (Human Genetic 
Mutant Cell Repository; Camden, NJ), 5 Zulu, 5 Pedi, 5 Tswana, 5 Sekele, 
5 Tsonga, and 5 Sotho from southern Africa (samples provided by T. Jenkins). 
Asians were represented by 6 Malaysians, 5 Japanese (samples provided by 
J. Kidd), 10 Cambodians (samples collected in California) (Human Genetic 
Mutant Cell Repository; Camden, NJ), 5 Vietnamese, and 10 Chinese (Jorde 
et al. 1995). 
Indian samples were collected from four castes living in Visakhapat-
nam, Andhra Pradesh. They included 9 Brahmin, 10 Yadava, 7 Kapu, and 10 
Relli. The sampled castes extend from the uppermost to the lowest caste. All 
four groups speak Telugu and are patrilineal. All donor Indians were inter-
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viewed to determine their occupation and knowledge of maternal ancestry 
and to ensure their inclusion within the appropriate ethnic group. 
Extraction, Amplification, and Sequencing. CEPH, Asian, and African 
Pygmy mtDNAs were prepared from lymphoblast cell lines. DNAs from 
Northern Europeans were prepared from whole blood. All DNA extractions 
were performed according to the method described by Bell et al. (1981). 
DNAs from the remaining Africans were prepared from whole blood, and 
DNA extractions were performed according to the method described by Sykes 
(1983). DNA concentrations were standardized to 200 ng/ml. Indian whole 
blood was collected and centrifuged, and the buffy coat was smeared on 
blotter paper and dried. DNA from blotter paper was extracted by placing 
approximately 2.0 cm 2 of stained paper in 500 fi\ of PCR buffer/detergent 
solution [10 mM Tris (pH 8.0), 50 mM KCI, 2.5 vs\M MgCl 2 , 0.1 mg/ml 
gelatin, 0.45% NP40, 0.45% Tween 20] and then incubating the mixture at 
56°C for 24 hr. After removal of the paper, 0.6 ft 1 of proteinase K (10 mgI 
ml) was added, and the mixture was incubated at 26°C for 2 hr. DNA was 
extracted with equal volumes of phenol/chloroform (1:1 wt/vol) and a 1-
butanol wash. DNA was collected by centrifugal filtration with an ultrafree-
MC 30,000 NMWL filter unit (Millipore) per the manufacturer's instructions; 
it was stored in TE. 
The mtDNA region corresponding to hypervariable sequence 2 (HVS2) 
from Vigilant et al. (1989) was amplified by the polymerase chain reaction 
(PCR) (Saiki et al. 1985; Kocher et al. 1989) in 1 X buffer [10 mM Tris (pH 
8.3), 50 mM KC1,1.5 mM MgClJ using 5 fi 1 of template (12.5% of recovered 
product from each Indian), 250 jllM dNTPs, 50 pmol of each primer, and 1 u 
Taq DNA polymerase in a total reaction volume of 50 ^I. Reactions were 
completed in a Perkin-Elmer 9600 with the following conditions: denaturation 
at 94°C for 2 min for 1 cycle; denaturation at 94°C for 15 s, annealing at 53°C 
for 15 s, extension at 72°C for 15 s for 35 cycles; and extension at 72°C for 
5 min for 1 cycle. The Indian samples required a second amplification using 
5 fi\ of the first reaction as a template for the second PCR. DNA was ampli-
fied with the following primer sets: UL29 (5'-TGTAAAACGACGGCC-
AGT*GGTCTATCACCCTATTAACCAC-3') and BRH408 (5'-BIOTIN-
CAGGAAACAGCTATGACC*CTGTTAAAAGTGCATACCGCCA-3 /); 
and BUL29 (5'-BIOTIN-TGTAAAACGACGGCCAGT*GGTCT ATC ACC-
CT ATTAACC AC-3') and RH408 (5'-CAGGAAACAGCTATGACC*CTG-
TTAAAAGTGCATACCGCCA-3'). The numbers of the primer designations 
identify the 3 ; ends according to the Cambridge reference sequence (CRS) 
(Anderson et al. 1981), and L and H denote the light and heavy strands of 
the mtDNA molecule. To the conventional L29 and H408 primers, a bioti-
nylated oligonucleotide leader (21M13 andM13RPl, respectively) was added 
at the asterisk (Arnold and Hodgson 1991) 
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Amplified products were separated and prepared for sequencing using 
Dynabeads® M-280 Streptavidin beads (Dynal) and a Magnetic Particle Con-
centrator (MPC®) according to the manufacturer's instructions. The nonbi-
otinylated primer of each set was radiolabeled using y3 2P-ATP and polynu-
cleotide kinase. After extensive sequencing of the HVS2 region in 20 
individuals (data not shown), a 200-bp region of the HVS2 region correspond-
ing to bases 80-280 of the CRS was found to contain 90% of the polymor-
phisms in the region and thus was examined in all individuals. Sequencing 
was completed using an AmpliTaq® cycle sequencing kit (Perkin-Elmer) by 
denaturing at 95°C for 1 min and extending at 60°C for 1 min for 20 cycles. 
Samples were electrophoresed through 4-8% polyacrylamide gels prepared 
with Sequenase reagents (National Diagnostics) and affixed to a glass plate. 
Gels were fixed in 5% glacial acetic acid/5% methanol for 20 min, rinsed 
with deionized water, and baked at 65°C for 60 min. Sequencing ladders were 
visualized by autoradiography. 
Sequence Analysis. mtDNA variation within populations was quantified 
by two measurements. The first is the gene diversity value A, calculated as 
where xt is the frequency of a type and n is the number of individuals in the 
sample (Nei 1987). The probability of identity 
is the probability of randomly picking two individuals from a population with 
the same haplotype. As the number of sampled nucleotides increases, h ap-
proaches 1 and thus provides little information. A more appropriate measure 
is the average number of nucleotide differences per site, or nucleotide diver-
sity, which is estimated by 
7i = [n/(n - 1)] 2 x i x j K i p 
where n is the number of DNA sequences examined, xt and Xj are the popu-
lation frequencies of the ith and jth type of DNA sequences, and n^ is the 
proportion of nucleotides that differ between the ith and yth types of DNA 
sequence. The variance of this measure is described by Eq. (10.7) of Nei 
(1987). This statistic approximates mean pairwise sequence divergence, cor-
rected for the number of nucleotides sampled. 
Individual genetic distance measurements were calculated by the pro-
gram DNADIST in the computer package PHYLIP (Felsenstein 1993) using Ki-
mura's two-parameter model (Kimura 1980). The transition:transversion ratio 
was set at 30:1 and was derived empirically. Average within- and between-
(1) 
PI = (2) 
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population genetic distance measurements were calculated according to Eqs. 
(8.21), (8.24), and (8.25) of Nei (1987). One thousand replicates of each data 
set were generated for bootstrap analysis with the SEQBOOT program in 
PHYLIP. 
The proportion of total mtDNA variation attributable to between-
population differences was measured using Nei's coefficient of differentiation 
(G s t) and estimated using Eqs. (8.26) and (8.27) of Nei (1987). Significance 
levels of GST w e r e estimated using a permutation procedure in which each 
individual was randomly assigned to one of the subpopulations, maintaining 
the same sample size for each subpopulation. Replication of this procedure 
1000 times provided a distribution of expected G ^ values from which a sig-
nificance level was obtained (Stoneking et al. 1990). Gst is a convenient 
measure of population differentiation because it reaches equilibrium quickly 
(Crow and Aoki 1984; Rogers and Harpending 1986) and is relatively insen-
sitive to the number of population subdivisions (Takahata and Palumbi 1985). 
Unrooted neighbor-joining trees (Saitou and Nei 1987) relating popu-
lations were constructed from the genetic distance matrices using the NEIGH-
BOR program in PHYLIP after randomizing the input order of populations. 
Unique Indian caste haplotypes were also connected by an unrooted neighbor-
joining network. Bootstrapped majority-rule consensus trees were created us-
ing the programs CONSENSE and DRAWGRAM in PHYLIP. These trees provide 
an estimate of the robustness of each branch point of a network or tree, and 
only branch points found in greater than 50% of trees were considered 
meaningful. 
Results 
Nucleotide Sequences. In comparisons between continental populations, 
we found that a 200-bp region of HVS2 spanning base pairs 80-280 of the 
CRS contains most of the polymorphic sites. Thirty polymorphic sites were 
identified. Two hundred fifty-five transitions and 9 txansversions were distin-
guished, producing 69 unique haplotypes in 144 individuals (Table 1). Eighty 
percent of the polymorphisms are found between bp 141 and bp 160 and 
between bp 181 and bp 200. Seven transversions were found in Africans, one 
in an Indian, and one in a European. The transition:transversion ratio is 28.3:1 
and is consistent with estimates obtained by other investigators sequencing 
different areas (e.g., HVS1) of the control region (Horai and Hayasaka 1990; 
Lum et al. 1994). 
According to the CRS, bp 263 of the light mtDNA sequence is occupied 
by adenine (A). In this analysis 130 individuals, including all the Europeans, 
have guanine (G) at this position. In a larger data set containing 278 individ-
uals sequenced in our lab (Jorde et al. 1995), only 29 individuals (27 Africans 
and 2 Indians) have adenine at bp 263. Not one of 90 Europeans had an 
adenine at bp 263. In addition, guanine is conserved at this position in com-
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Table 1. Sequence Variation and Lineage Groups 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2a 
9 9 3 4 4 5 5 5 8 8 8 8 9 9 9 9 0 0 0 1 1 1 1 2 3 4 4 4 5 6 
3 5 9 3 6 0 1 2 2 5 6 9 4 5 8 9 0 4 7 2 4 5 7 8 6 1 6 7 6 3 
Lineage Identitf 
i b A A T G T C C T C G C A C T C T A T G T A A T G T A T G C G EUR, AF, AS, IN 
2 G . C . . G CA . . C . . A . A AF 
3 G , . c . . G CA . C A AF 
4 . . C . . c . . C A . A AF 
5 . . C . . c . . G C T . . . A . A . A AF 
6 . c . . c CA . C A AF 
7 
8 
. . C T 
. . C . . c . . 






9 . . C . . c . . . C T A . A AF 
10 . . C . . c . . G , CT A . A AF 
11 . C T . AC . . C c A AF 
12 G . . . A G C A AF 
13 GC . . . A G C A AF 
14 . . C . . c . . , C Cr A A AF 
15 . . c . . c . . . C A AF 
16 C T A . C A AF 
17 . C . . A AF 
18 T C T . AC A AF 




23 . . C . . C . . . CT AF 
24 AF 
25 AF 
26 A IN (R) 
27 A IN(Y) 
28 C IN (B) 
29 CA . IN(K) 
30 IN (K) 
31 G . . G IN (R) 
32 c . c . . C T IN (B) 
33 IN (R) 
34 . . c . . C T IN (R) 
35 IN (B) 
36 T C . . IN (B) 
37 . G . A IN (Y) 
38 IN (Y) 
39 IN (Y) 
40 IN (R) 
41 IN (Y) 
42 IN (Y) 
43 . . C AS 
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Table 1. Continued 
111 11 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 a 
993445558888999900011112344456 
359360122569458904724578616763 
Lineage ... Identityc 
44 c 
45 C . . C 
46 
47 T 
48 . . . AC . . 
49 . . . . C T . 
50 
51 . . . . C . 
52 T 
53 




. . . . C AS 
c AS 
; C AS 
AS 
AS 
; : ; ; C : AS 








58 A . G C EUR 59 AG EUR 
60 C EUR 
61 . . . . C . . C C AF, IN (K) 
62 C C AF, IN (B) 
63 . . . . C C AF, AS 
64 C AF, AS 
65 TC IN (B), AS 
66 C IN (R,Y), EUR 
67 . . . . C IN (B,K), AS, EUR 
68 T IN (Y), AS, EUR 
69 . . C . . . . C IN (Y), AS, EUR, AF 
a. Position refers to Cambridge reference sequence; note position 263 has been corrected. 
b. Identical to the Cambridge reference sequence. 
c. EUR, European; AF, African; AS, Asian; IN, Indian; B, Brahmin; K, Kapu, Y, Yadava; R, Relli. 
mon and pygmy chimpanzees (Kocher and Wilson 1991). Therefore a sub-
stitution at bp 263 was scored only if it was G to A, not A to G. 
Within the 200-bp region the distribution of polymorphisms is bimodal 
in the Indians and continental populations. Figure 1 displays the relationship 
between the absolute sequence position (x axis), the number of variable sites 
within each 10-bp region (y axis), and the total number of differences from 
the consensus sequence in the 10-bp region summed across individuals (z 
axis) for the total sample. Figures 2-5 illustrate the differences in regional 
nucleotide variability between populations. Africans (Figure 2) exhibit the 
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Figure 1. Three-dimensional plot of sequence position (x axis), the number of variable sites within 
each 10-bp region {y axis), and the total number of differences from the consensus 
sequence in the 10-bp region summed across individuals in all populations (z axis). 
most variable regions and the highest frequency of polymorphisms within a 
region. Indians (Figure 3) appear intermediate between Africans and Asians 
(Figure 4). Europeans (Figure 5) reveal a similar number of variable regions, 
but fewer individuals are polymorphic. Obviously, there is a positive corre-
lation between the number of variable sites in a region and the total number 
of polymorphisms in that region. Compared with a histogram depicting se-
quence position versus number of polymorphisms, this additional information 
is useful. The three-dimensional plots illustrate how genetic variation within 
a population is distributed across a DNA sequence. 
The number of distinct lineages and the gene diversity (h) within each 
continental population are listed in Table 2. The number of mtDNA lineages 
is highest in the African population (30) and lowest in the Europeans (13). 
Indian and Asian populations contain 25 and 17 lineages, respectively. Thirty-
seven individuals (26%) were identical to the CRS. Only one haplotype was 
shared between all continental populations, and it was just one mutation-step 
away from the CRS. Six additional haplotypes were shared between conti-
nental populations. Sixty-one haplotypes (88%) are specific to a continental 
population. Within Africans only two haplotypes are shared between sub-
populations. Subpopulations of Asians share five haplotypes. Aside from the 
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Figure 2. Three-dimensional plot of sequence position (JC axis), the number of variable sites within 
each 10-bp region (y axis), and the total number of differences from the consensus 
sequence in the 10-bp region summed across all Africans (z axis). 
CRS only two Indian haplotypes are shared between castes (Table 2). Fur-
thermore, these haplotypes are found only between adjacent castes in the 
Hindu caste hierarchy (e.g., Relli and Yadava or Kapu and Brahmin) and 
never between the highest and lowest caste groups. 
Gene diversity (h) within continental populations ranges from a mini-
mum of 0.74 in Europeans to a maximum of 0.99 in Africans. The diversity 
of Indians is second highest at 0.98 (Table 2). Of the Indian caste populations 
(Table 3) the highest level of diversity is found in the Yadava (0.98) and the 
lowest level is found in the Kapu (0.90). Estimates for the Brahmin (0.92) 
and the Relli (0.93) are intermediate. The average nucleotide diversity within 
each continental population is listed in Table 4. The average nucleotide di-
versity is significantly higher in Africans (0.027) and Indians (0.014) com-
pared with Europeans and Asians. Nucleotide diversity does not differ sig-
nificantly between Europeans and Asians. The Brahmin caste shows the 
highest average nucleotide diversity, yet no caste group demonstrates signif-
icantly greater nucleotide variation than another caste (Table 5). 
Genetic distances between each pair of continental populations are 
given in Table 6. Africans are consistently the most distant from any other 
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Figure 3. Three-dimensional plot of sequence position (x axis), the number of variable sites within 
each 10-bp region (;y axis), and the total number of differences from the consensus 
sequence in the 10-bp region summed across all Indians (z axis). 
continental population. Of the three non-African populations, the Indians arc 
closest to the Africans. The Indians are nearly equidistant from Europeans 
and Asians. The smallest genetic distance is between Asians and Europeans, 
Table 7 lists the genetic distance between each pair of caste populations. The 
Brahmin and the Yadava appear to be farther apart than any other two pairs 
of castes. The smallest genetic distance is between the Kapu and the Relli. 
All these genetic distances are similar to each other. 
The GST value for the three continental populations and the Indian caste 
groups is 0.15 (p < 0.001). This means that 15% of the total variance of this 
mtDNA region occurs between these four populations and that there is sig-
nificant geographic structuring among continental populations with respect to 
mtDNA. This is consistent with previous studies using mtDNA (Jorde et al. 
1995), nuclear DNA (Wright 1978; Jorde 1980; Nei and Roychoudhury 1982; 
Bowcock et al. 1987, 1991; Nei and Livshits 1990; Jorde et al. 1995; Nei et 
al. 1993), and craniometric data (Relethford and Harpending 1994). The 
higher estimate of GST from mtDNA compared with nuclear DNA and mor-
phometric data is partly due to differences in mtDNA and nuclear DNA ef-
fective population sizes and may also reflect differences in male and female 
dispersal patterns, sampling of populations that are not in migration-drift equi-
librium (Rogers and Jorde 1995), or selection. 
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Figure 4. Three-dimensional plot of sequence position (x axis), the number of variable sites within 
each 10-bp region (y axis), and the total number of differences from the consensus 
sequence in the 10-bp region summed across all Asians (z axis). 
The GST value for the caste populations is 0.17 (p < 0.002). This means 
that 17% of the total variance of this mtDNA region occurs between caste 
groups, indicating that there is significant structuring of mtDNA variation 
based on social organization. This value is much higher than previous esti-
mates of genetic differentiation based on protein polymorphisms among tribal 
groups ( G s t = 0.02) (Murthy et al. 1993; Sirajuddin et al. 1994) and between 
caste populations (G S T = 0.013) (Char et al. 1989) of Andhra Pradesh. 
Figure 6 depicts an unrooted neighbor-joining tree and illustrates the 
relationships between the three continental populations and the Indians. The 
African-Indian cluster is supported by 88% of 1000 bootstrapped trees. The 
African branch length is much longer than any other branch, reflecting sig-
nificantly higher diversity. 
The unrooted neighbor-joining network linking caste populations is de-
picted in Figure 7. It should be emphasized that these trees are not phylogenies 
indicating ancestor-descendant relationships between populations; they are 
heuristic tools that display similarity between populations. This similarity 
may be due to admixture or common ancestry. The Yadava-Kapu cluster is 
supported by 66% of 1000 bootstrapped trees. 
Figure 8 is a majority-rule consensus tree of unique Indian haplotypes. 
Only two branches clustering different caste populations are supported by 
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Figure 5. Three-dimensional plot of sequence position (x axis), the number of variable sites within 
each 10-bp region (y axis), and the total number of differences from the consensus 
sequence in the 10-bp region summed across all Europeans (z axis). 
more than 50% of bootstrapped trees. The three haplotypes on these two 
branches are separated by two mutation-steps. 
Discussion 
We have analyzed a 200-bp segment of HVS2 in the mtDNA control 
region bracketed by bases 80-280 of the CRS to examine the population 
Table 2. Variation in 200 Nucleotides in HVS2 of the mtDNA Control Region in Human 
Populations 
Population Individuals Lineages Diversity 
African 36 30 0.99 
East Indian 36 25 0.98 
Asian 36 17 0.84 
European 36 13 0.74 
Total 144 69 0.92 
Diversity is h = (1 - 2 xf)n/(n - 1), where JC;- is the frequency of the type and n is the number of 
individuals (Nei 1987). 
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Table 3. Variation in 200 Nucleotides in HVS2 of the mtDNA Control Region in Indian 
Caste Populations 
Population Individuals Lineages Diversity 
Brahmin 9 7 0.92 
Kapu 7 5 0.90 
Yadava 10 9 0.98 
Relli 10 8 0.93 
Diversity is h ~ (1 - 2 xf)n/(n - 1), where xt is the frequency of the type and n is the number of 
individuals (Nei 1987). 
Table 4. Mean Nucleotide Diversity ( ± SE) of 200 bp in HVS2 of the mtDNA Control 
Region of Human Continental Populations 
Group Nucleotide Diversity 
African 0.027 (0.0019) 
Indian 0.014 (0.0012) 
Asian 0.009 (0.0011) 
European 0.007 (0.0014) 
Table 5. Mean Nucleotide Diversity ( ± SE) of 200 bp in HVS2 of the mtDNA Control 
Region of East Indian Caste Populations 
Group Nucleotide Diversity 
Brahmin 0.015 (0.0028) 
Kapu 0.011 (0.0020) 
Yadava 0.012 (0.0019) 
Relli 0.012 (0.0020) 
structure of Indian caste populations of Andhra Pradesh. HVS2 appears to be 
highly informative, containing 1 polymorphic site per 6 bp on average. Al-
though HVS2 contains elements critical to mitochondrial transcription and 
translation, only conserved sequence block 1 (CSB1) is found in this 200-bp 
segment. Three transition mutations were identified in CSB1 from 30 poly-
Table 6. Genetic Distances between Continental Populations 
Group African Indian Asian 
African 
Indian 0.00440 
Asian 0.00584 0.00085 
European 0.00658 0.00115 0.00046 
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Table 7. Genetic Distances between East Indian Caste Populations 










morphic sites. Although this region was able to discriminate many unique 
lineages in Africans and Indians, 50% of the Europeans and 40% of the Asians 
were identical to the CRS. 
The distribution of genetic variation in each continental population 
across 200 bp in HVS2 is summarized by Figures 1-5. Although different 
populations may have similar levels of genetic diversity, this diversity is an 
aggregate of polymorphisms at various nucleotide sites. Rather than present-
ing just the frequency of variable sites in a genomic region without reference 
to the total number of polymorphisms in a population, these plots display all 
the descriptive information about the distribution of genetic variation. That 
is, a plot illustrates how many individuals in a population are polymorphic at 
each variable site. Furthermore, these illustrations demonstrate those differ-
ences effectively, enhancing the recognition of patterns that vary among pop-
Caucasian 
8 7 6 
A f r i c a n 
Figure 6. Neighbor-joining network linking continental populations. Note that the Indian-African 
cluster is supported by almost 90% of 1000 bootstrapped trees. 
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Figure 7. Neighbor-joining network linking East Indian caste populations. Note that the Yadava-
Kapu cluster is highly supported. 
ulations. These plots are analogous to topographic maps, containing plateaus 
and peaks of nucleotide variation that vary in size, height, and inclination. In 
fact, each continental population can be distinguished pictorially. Analyzing 
more sequence data or individuals could increase the resolution of a map to 
a point where more closely related populations could be distinguished. 
As expected, the African plot has the most peaks (most variable sites) 
as well as the highest peaks (highest total number of polymorphisms at each 
variable site), whereas the European plot is nearly flat. The African plot also 
contains a unique peak between bp 230 and bp 250. Three of the four variable 
sites between bp 230 and bp 250 are African specific; one is shared by an 
Indian. The Indian plot combines features of the African and Asian plots. For 
example, the peak between bp 140 and bp 160 is found in Africans, Asians, 
and Indians, whereas the depression between bp 240 and bp 260 is seen only 
in the Asians and Indians. Apparently, any European contribution to the In-
dian plot is hidden by African and Asian contributions. 
It has been argued that the amount of genetic diversity in Indian pop-
ulations is comparable to that existing in the major "races of man" (Majumder 
and Mukherjee 1993). The analyses from which this conclusion is drawn have 
been limited to the examination of a small number of red blood cell enzymes, 
serum protein polymorphisms, and blood group polymorphisms. Because so 
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Figure 8. Neighbor-joining tree of unique East Indian haplotypes. A branch linking caste groups 
not immediately above or below in the caste hierarchy is supported only once. 
few loci have been studied, inferences made from these data must be consid-
ered preliminary and should be viewed cautiously because gene frequency 
changes are subject to large stochastic errors (Nei 1987). Likewise, the nuclear 
DNA markers that have been studied in a few Indian populations are located 
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in genomic regions near genes under relatively intense selection (e.g., /?-gl0-
bin). No analysis of Indian populations using a large number of highly varied 
and selectively neutral markers distributed throughout the genome has been 
performed. 
Our analysis examines genetic variation in mtDNA in caste populations 
of South India. We suggest that mtDNA diversity in Indian caste populations 
is intermediate between African and other continental populations. Although 
the sample sizes are relatively small, this result is substantiated by the facts 
that (1) as in other investigations, African populations have the greatest 
mtDNA diversity and Europeans the least and (2) the amount of differentia-
tion among continental populations, as estimated by GST, is similar to esti-
mates made by other investigators using nuclear DNA data sets [e.g., Jorde 
et al. (1995)]. The GST estimates of Merriwether et al. (1991) and Stoneking 
et al. (1990) are higher than our estimated GST but were calculated according 
to the method of Takahata and Palumbi (1985). This method recently has 
been demonstrated to inflate estimates of GST (Harpending et al. 1995). In 
addition, this may reflect in part the fact that our estimate is based on the 
more rapidly mutating control region, whereas previous estimates are based 
on noncontrol region DNA. Our findings are consistent with the conclusions 
of other studies of continental populations using mtDNA (Cann et al. 1987; 
Vigilant et al. 1989, 1991; Horai et al. 1993; Jorde et al. 1995), nuclear DNA 
polymorphisms (Bowcock et al. 1991, 1994; Jorde et al. 1995), and cranio-
metric data (Relethford and Harpending 1994). 
It is not clear why there is more mtDNA variation in the Indian castes 
than in European and Asian populations. It is known that within-group vari-
ation is partly a function of long-term effective population size (Stoneking 
1993). In fact, significantly greater African mtDNA variation has been pos-
tulated to result from a larger effective population in Pleistocene Africa (Re-
lethford and Harpending 1994). Unfortunately, little information exists on 
long-term effective population sizes of Indian castes. Population expansions 
increase genetic variation because the number of new mutations retained is 
proportionately higher than in a population at equilibrium. This feature gen-
erates waves in the distribution of pairwise sequence differences within a 
population and can be used to estimate ancient demographic parameters (Rog-
ers and Harpending 1992; Rogers 1994; Rogers and Jorde 1995). Many hu-
man populations have undergone recent rapid expansion (Weiss 1989), and 
indeed waves are found in the mismatch distributions of the continental pop-
ulations and the Indians (data not shown). But there is no evidence that Indian 
castes have expanded earlier or more rapidly than European or Asian popu-
lations. Last, unequal admixture of caste populations with different continen-
tal populations could result in population heterogeneity and an intermediate 
level of diversity. This may be the most reasonable explanation. 
The patterns of genetic variation among Indian populations are com-
plex. Social, linguistic, and geographic barriers to gene flow, leading to small 
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effective populations that differentiate by genetic drift, can explain differ-
ences between some tribal groups, caste populations, and geographically sep-
arated caste sects (Murthy et al. 1993; Roychoudhury 1977). Numerous stud-
ies have indicated gene flow and subsequent admixture of caste and tribal 
groups with European populations of West Asia and Asian populations of 
Central and East Asia (Balakrishnan 1982; Roychoudhury 1977; Walter et al. 
1981; Walter 1986) and admixture between tribal and nontribal groups (Chak-
raborty et al. 1986). Little evidence of admixture with African and/or Aus-
tralian aboriginal populations has been found (Roychoudury 1984). Some 
general features of Indian population structure are (1) firm evidence of ad-
mixture with European and Asian populations, (2) substantial geographic 
structuring of some tribal and caste populations (Balakrishnan 1982; Roy-
choudhury 1982, 1984; Sirajuddin et al. 1994;), (3) gene flow and admixture 
between populations in some geographic regions predicted from ethnohisto-
ries (Chakraborty et al. 1986), and (4) minimally structured genetic variation 
among castes groups according to social rank (Balakrishnan 1978; Papiha et 
al. 1982; Mukherjee et al. 1979). 
The relationship of specific tribal and caste populations of South India 
to Europeans, Asians, and Africans remains controversial (Roychoudhury 
1977). African admixture with East Indians had two potential sources: (1) 
aboriginal populations that were of African origin and that migrated into 
South India from the north or by sea (Chandler 1988) and (2) forced immi-
gration of Africans into South India by the Portuguese in the sixteenth century 
(Watson 1979). Morphological features, such as "frizzly hair" and "a broad 
flat nose, fleshy everted lips and skin colour" (Roychoudhury 1982, p. 148), 
found in some Indians, encouraged exploration for a connection with African 
and/or Australian aboriginal populations (Guha 1944; Kirk et al. 1962; Sarkar 
1954; Roychoudhury 1977, 1984). In fact, it has been suggested that at one 
time a "Negrito element" was widespread throughout India and was eventu-
ally forced into a more restricted location in South India (Majumder and 
Mukherjee 1993). Yet no genetic evidence of African admixture has been 
identified, leading to further speculation of "only sporadic, numerically small 
waves of African immigration to restricted geographical regions of India" 
(Majumder and Mukherjee 1993, p. 259). The genetic distance analysis of 
continental populations (Table 6) shows that African populations are nearly 
equidistant from all other continental groups, although they are slightly closer 
to Indians. Bootstrapping indicates that an African-Indian branch is supported 
by the neighbor-joining network (Figure 6) in nearly 88% of 1000 trees. This 
is limited but provocative genetic evidence for African admixture in caste 
populations of Andhra Pradesh. No specific caste population reliably clusters 
with any continental population (data not shown). Our first hypothesis, pro-
posing that the Brahmin would exhibit a closer affinity to Europeans and the 
Relli to African and Asian populations, cannot be supported. 
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Why is this pattern of African affinity found using mtDNA markers and 
not with nuclear DNA markers? One possible explanation is that not enough 
neutral, highly polymorphic nuclear DNA markers have been examined in 
caste populations from South India to enable detection of a similar pattern. 
The discrepancy also may reflect real differences between mitochondrial and 
nuclear DNA patterns. Jorde et al. (1995) studied 30 restriction site poly-
morphisms and 30 microsatellite markers distributed throughout the genome 
and a 200-bp region of HVS2 in 241 individuals from Asia, Europe, and 
Africa. A Mantel comparison of the patterns of genetic variation summarized 
in nuclear and mitochondrial DNA distance matrices demonstrated significant 
concordance between the two sets of nuclear polymorphisms but discordance 
between the nuclear DNA and mtDNA polymorphisms. It is possible that 
African males and females have had different patterns or rates of gene flow 
into South India. Thus the African mtDNA affinity could reflect predomi-
nantly female migration from Africa to South India. Further evidence of sex-
limited admixture could be found by examining Y-chromosome markers from 
these caste populations. Selection at the mtDNA locus for a subset of poly-
morphisms common to Africans and East Indians would also explain the 
discordance between the pattern generated by mtDNA versus nuclear DNA 
markers. Thus far, no substantial evidence exists for selection acting prefer-
entially on African and East Indian haplotypes. 
Although nucleotide diversity is highest in Brahmins, there is no sig-
nificant difference in the amount of genetic variation within each caste group. 
Our second hypothesis, predicting higher levels of genetic diversity in the 
middle castes compared to the upper and lower castes, is not supported. 
Our third hypothesis, predicting that there would be substantial differ-
ences in genetic variation between castes, is supported. The estimate of 
between-population differentiation is slightly higher (GST = 0.17) than that 
found between continental populations (GST = 0.15). This value is much 
higher than previously reported estimates based on nuclear DNA markers. 
This estimate of GST changes little if any single caste population is removed 
from the analyses. Therefore no single caste contributes to mtDNA differ-
entiation disproportionately. mtDNA variation is significantly structured by 
social stratification in the Hindu caste system. 
As stated before, mtDNA polymorphisms are more sensitive than some 
nuclear DNA markers for detecting population differentiation. This is due to 
the haploid inheritance, high mutation rate, and smaller effective population 
size of mtDNA molecules. It is therefore reasonable to expect that estimates 
of GST would be higher than those calculated from nuclear DNA markers. But 
the structuring of mtDNA variation among castes is greater than anticipated. 
Given that social mobility is thought to be higher for caste females than for 
caste males, the pattern of mtDNA variation should be less structured than 
estimates derived from nuclear DNA markers. 
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There are numerous potential explanations for this paradox. Many of 
the caste populations living in urban centers have moved from neighboring 
rural areas. Thus our sampling strategy may have amplified ancestral patterns 
of geographic structuring by recruiting individuals whose ancestors were 
widely dispersed. This is similar to the agglomeration effect described by 
Chakraborty et al. (1988), the signature of which may persist for several 
thousand years (Neel et al. 1988). This could be tested by sampling the same 
caste populations in rural areas. Another demographic feature that could in-
crease the differentiation of mtDNA variation among castes is the dispersal 
of females from different geographic areas to a patrilocal residence. An anal-
ysis of Y-chromosome variation could further define the role of this force. 
That is, Y-chromosome variation in male caste members, who would tend to 
remain in one location through many generations, should be less structured 
by caste affiliation or more geographically structured. Last, the social mobility 
of women may be more restricted than estimated from ethnographic data. 
Our fourth hypothesis, suggesting that the middle castes would share 
more haplotypes than the upper and lower castes, is not supported. Of the 31 
Indian mtDNA haplotypes that differ from the CRS, none are shared between 
the Kapu and the Yadava. Two haplotypes are shared between castes. One 
haplotype is shared by a Relli and a Yadava and another by a Brahmin and 
a Kapu. Thus haplotypes are shared only with a caste immediately above or 
below in the social hierarchy. This suggests that even at the resolution of this 
short sequence of mtDNA, genetic variation is structured between caste pop-
ulations. This is reinforced by the neighbor-joining network of caste popu-
lations (Figure 7), which supports the clustering of the middle castes, the 
Kapu and the Yadava, in 66% of bootstrapped trees. Yet the Kapu and the 
Yadava share no haplotypes. Perhaps sharing an mtDNA type is too crude a 
measure, and nucleotide differences offer better resolution. Furthermore, in 
the bootstrapped haplotype tree (Figure 8) only two branch points where 
terminal branch castes differ and a single branch point where terminal branch 
castes are not contiguous in the caste hierarchy are supported by more than 
50% of trees. Interestingly, this branch joins a Brahmin to a Relli, and support 
for intermarriage between people of high and low castes has been found 
previously (Chakraborty et al. 1986). 
Conclusions 
Genetic diversity of mtDNA polymorphisms is significantly higher in 
Indian caste populations than in Asians or Europeans but is lower than that 
found in Africans. mtDNA variation between continental populations is struc-
tured geographically, with GST estimates similar to those from nuclear DNA 
markers. In a neighbor-joining network the caste populations of Andhra Pra-
desh cluster more often with Africans than with Asians or Europeans. This 
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is suggestive of admixture with African populations. Genetic diversity does 
not vary significantly between caste populations, although the Brahmins ex-
hibit slightly more variation than other castes. mtDNA variation among Indian 
populations of Andhra Pradesh is highly structured between castes. This is 
supported by the lack of haplotype sharing between castes and the clustering 
of caste haplotypes in a majority-rule neighbor-joining tree. Caste haplotypes 
are not shared more often between the middle castes (i.e., Kapu and Yadava) 
than between the upper (Brahmin) and lower (Relli) castes. The middle castes 
do cluster together more often when linked by the neighbor-joining algorithm. 
Explanations for the discordance between patterns of variation as measured 
by mtDNA versus nuclear DNA include (1) the higher resolving power of 
mtDNA, (2) sex-dependent gene flow, (3) differences in male and female 
effective population sizes, and (4) elements of the kinship structure. Future 
analyses should use a variety of mtDNA and nuclear DNA markers and ex-
amine more caste populations. This is a small but significant step toward 
unraveling the complex relationships between the populations of South India. 
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